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Whether M cells arise from a distinct lineage or result from phenotypic transition is a matter of debate. In this
issue ofCell Host &Microbe, Tahoun et al. (2012) provide evidence that SopB, a virulence factor ofSalmonella
enterica serovar Typhimurium, can induce phenotypic transition of lymphoid follicle-associated enterocytes
into M cells.Figure 1. Mouse Peyer’s Patch and M Cells
(A) A scanning electron microscopy image showing a mouse Peyer’s patch containing five lymphoid
follicles separated by villi.
(B) A scanning electron microscopy image of lymphoid follicle-associated epithelium covering a mouse
Peyer’s patch. The scattered cells with depressed surface are M cells.
(Figure provided by T.K. and H.O., Research Center for Allergy and Immunology; and Kiminori Toyooka,
Plant Science Center, RIKEN.)Intestinal epithelial microfold (M) cells
are a unique subset of epithelial cells
restricted to the region of epithelium,
called follicle-associated epithelium
(FAE), that covers the lymphoid follicles
of gut-associated lymphoid tissue (GALT)
such as Peyer’s patches (PPs) and iso-
lated lymphoid follicles (ILFs) (Figure 1).
M cells are vigorous in phagocytosis and
transcytosis, by which they take up
luminal particulate antigens such as
bacteria and deliver them to the immune
cells in GALT for initiation of gut immune
response. Since their discovery some 50
years ago, the importance of M cells in
mucosal immunity has been well appreci-
ated (Bockman and Cooper, 1973; Owen
and Jones, 1974). However, molecular
mechanisms underlying the development
and function of M cells have started to
be unraveled only in recent years.
In this issue of Cell Host & Microbe,
Tahoun et al. (2012) add new molecular
insights on M cell biology. There is a
long-standing debate as to whether M
cells are functionally modified FAE enter-
ocytes or represent a distinct cell type of
the gut epithelium. This year, two groups
have independently borne evidence of M
cells as a separate lineage; a cytokine
RANKL induces expression of a transcrip-
tion factor Spi-B, in immature epithelial
cells in crypts, which drives these cells
to differentiate into M cells (de Lau et al.,
2012; Kanaya et al., 2012). It takes
3–4 days for full maturation of M cells
in this differentiation process, consistent
with the turnover time for enterocytes.
In contrast, some pathogenic bacteria,
such as Salmonella enterica serovarTyphimurium (S. Typhimurium), have
been reported to increase the number of
M cells within a few hours (Savidge,
1996), supporting the transdifferentiation
or phenotypic transition of FAE entero-
cyte, rather than differentiation of M cells
as a distinct lineage. However, there is
no mechanistic explanation for this rapid
M cell induction. Tahoun et al. (2012)
take advantage of their original in vitro
epithelial culture of the bovine terminal
rectum rich in lymphoid follicles to shed
light on the molecular aspect of this
phenomenon. Vimentin can serve as
a unique marker for M cells in terminal
rectal FAE, but not in ileal PP FAE (Maha-
jan et al., 2005; Hondo et al., 2011).
Tahoun et al. show that S. Typhimurium
causes an increase in M cell numbers
using vimentin expression as the hallmark
of M cells. Vimentin is also a well-knownCell Host & Microbe 12, Nmesenchymal marker associated with
epithelial-mesenchymal transition (EMT)
(Hofman and Vouret-Craviari, 2012).
Expression of vimentin, as well as the
EMT-regulating transcription factor Slug,
increases as early as 30 min, and
peaks at 60–120 min, after addition of
S. Typhimurium in the epithelial culture.
Based on these observations, Tahoun
et al. propose that S. Typhimurium-
induced M cell increase involves EMT
(Tahoun et al., 2012). They also find that
RANKL and Spi-B, which regulate differ-
entiation of epithelial stem cells into M
cells, are induced within a few hours of
coculturing with S. Typhimurium.
To examine the mechanisms un-
derlying S. Typhimurium-induced EMT-
related signaling in the cultured epithe-
lium, Tahoun et al. (2012) use a panel
of S. Typhimurium mutant strains, andovember 15, 2012 ª2012 Elsevier Inc. 607
Table 1. Summary of Different Experimental Conditions for M Cell Differentiation
Stimulus Phenotype




Crypts Villous Epithelium PP FAE Villous Epithelium
RANKL M cell induction In a few daysa Not induceda In a few daysb Not increased
above baselinec
In a few daysd
Slug expression In a few daysa Not induceda Not inducedb Not determined Not inducedc,d
Vimentin expression In a few daysa Not induceda Not inducedb Not determined Not inducedc,d
RANKL expression Not determined Not determined Not detectedb Not determined Not inducedc,d
Spi-B expression Not determined Not determined Within 24 hrb Not determined In a few hoursd
S. Typhimurium
SopB
M cell induction In a few hoursa Not induceda Not determined Within 90 mina Not determined
Slug expression In a few hoursa Not determined Not determined Within 90 mina Not determined
Vimentin expression In a few hoursa Not determined Not determined Within 90 mina Not determined
RANKL expression In a few hoursa Not determined Not determined Not determined Not determined
Spi-B expression In a few hoursa Not determined Not determined Not determined Not determined
aTahoun et al., 2012.
bde Lau et al., 2012.
cOur unpublished data.
dKanaya et al., 2012.
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to induce M cells in their culture system.
The phosphoinositide phosphatase SopB
is an essential effector protein injected
into the host cell by the bacterium
(Bakowski et al., 2008). Tahoun et al.
reveal that SopB activates PI3K and
consecutively Akt kinase, which leads to
inhibitory phosphorylation of GSK3b.
Inactivation of GSK3b results in cytosolic
accumulation, and hence the nuclear
enrichment of b-catenin to induce the
Wnt/b-catenin signaling pathway. Tahoun
et al. further observe that S. Typhimurium
administered in the mouse small in-
testine also increases, within a few hours,
the number of PP M cells in a SopB-
dependent manner.
The present study by Tahoun et al.
(2012) not only advances our under-
standing of how S. Typhimurium induces
M cells, but also presents several ques-
tions for the future. As indicated by
the authors, a single bacterial virulence
factor can induce phenotypic changes
of FAE into M cells. To what extent
could this notion be generalized to the
context of natural (not pathogen-induced)
M cell differentiation? There are some
vital differences between ‘‘natural’’
(represented by RANKL-inducible) and
S. Typhimurium-induced M cell differenti-
ation (Table 1). One striking difference
is the duration. It takes a few days for
mature GP2+ M cells to appear after
RANKL-dependent early induction of the608 Cell Host & Microbe 12, November 15, 20transcription factor Spi-B, a master
regulator of M cell differentiation, in
immature crypt epithelial cells inmice (Ka-
naya et al., 2012), as well as organoid
cultures of murine intestinal epithelial
stem cells (de Lau et al., 2012). In
contrast, M cells appear just 90 min
after S. Typhimurium treatment (Tahoun
et al., 2012). Thus, although RANKL and
Spi-B are induced upon S. Typhimurium
treatment of bovine follicle-associated
crypt (FAC) cultures, the RANKL-Spi-B
axis is probably not directly responsible
for S. Typhimurium-induced rapid M cell
differentiation. Further, in contrast to
induction of the EMT markers Slug and
vimentin with S. Typhimurium in murine
PP FAE (Tahoun et al., 2012), these
markers are not induced upon RANKL
treatment in murine villous epithelium
and organoid cultures (de Lau et al.,
2012; Kanaya et al., 2012). However,
Slug and vimentin are induced by RANKL
treatment in bovine FAC cultures, indi-
cating that there likely also exist dif-
ferences intrinsic to the experimental
settings used. Tahoun et al. observe that
RANKL induces vimentin and bacterial
transcytosis, indicative of M cell differen-
tiation, as well as the EMT regulator
Slug, only in cultures of bovine FAC but
not ordinary (villous) crypts (Tahoun
et al., 2012), while RANKL can induce M
cell differentiation in both murine ordinary
villous epithelium in vivo and murine
villous crypts-derived organoid cultures12 ª2012 Elsevier Inc.in vitro. This could be due to the species
difference.
Some of the apparent discrepancies
mentioned here could be attributable to
the characteristics of FAE enterocytes
which are distinct from villous enterocytes
as indicated by Tahoun et al. (2012). In this
sense, it is not known whether RANKL
treatment induces expression of Slug
and vimentin in murine FAE. It is also
important to clarify if GP2+ cells induced
in murine FAE by S. Typhimurium exhibit
particulate antigen-uptake capacity, a
hallmark of M cells. Further, it would
be important to determine whether
S. Typhimurium-induced expression of
GP2 in these cells could be lost (indicative
of the transient phenotypic change), or
persist (indicative of the lineage commit-
ment), after removal of S. Typhimurium.
Germ-free mice or organoid culture in
combination with antibiotics and/or ge-
netically modified S. Typhimurium could
be useful to address this. Further studies
are needed to answer these questions.REFERENCES
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Intraerythrocytic malaria parasites send hundreds of effector proteins into the host cell. Diverse modes of
export have been proposed for different proteins. In this issue, Gru¨ring et al. (2012) present findings that bring
the models together.Malaria parasites export hundreds of
proteins into the infected erythrocyte to
commandeer the host cell (Maier et al.,
2009). Doing so allows the organism to
put variant antigens on the red cell surface
for immune evasion and cytoadherence,
enables it to set up new nutrient acquisi-
tion systems, dramatically changes the
erythrocyte membrane and cytoskeleton
for parasite survival and eventual egress,
and probably effects changes yet to
be discovered. Crucial to the export
process, most of these mediators have
a motif (RxLxE/Q/D) called the PEXEL, or
Plasmodium export element, downstream
of a signal sequence (Marti et al., 2004;
Hiller et al., 2004). The fairly recent
discovery that the PEXEL is cleaved after
the conserved L (Chang et al., 2008) by
an ER protease called plasmepsin V (Bod-
dey et al., 2010; Russo et al., 2010) raised
a conundrum: the targeting sequence is
being cleaved off in the ER, but subse-
quently the protein must travel through
the secretory system and find its way to
the translocon at the parasite surface (de
Koning-Ward et al. (2009) to be exported
into the host cell. How does it do all this
without its targeting sequence? Study of
plasmepsin V yielded two observationsthat bear on this. First, expression of
a catalytically dead version of plasmepsin
V acted in a dominant-negative fashion
to block export, suggesting that plas-
mepsin V must interact with another crit-
ical component, possibly the chaperone
Hsp101 (Russo et al., 2010). Second, an
exported protein construct in which
the PEXEL was deleted (preserving the
signal peptide so that signal peptidase
cleavage generated the same mature N
terminus as did plasmepsin V with the
intact protein) failed to be exported
(Boddey et al., 2010).
These results gave rise to two models
(Goldberg and Cowman, 2010): in one,
chaperones, perhaps including Hsp101,
dock with plasmepsin V in the ER as the
protease is cleaving off the PEXEL. The
chaperones then guide the protein
through the secretory system to the trans-
locon at the parasite surface. The second
model posits that plasmepsin V is located
in subregions of the ER where it recog-
nizes a PEXEL protein, cleaves it, and
sends it through the secretory system in
vesicles addressed to the translocon
region of the surface. A third model has
implicated the lipid PI3P in PEXEL recog-
nition and targeting within the ER (Bhatta-charjee et al., 2012). There are problems
with all three models. For the first, how
do Hsp101 and/or other chaperones get
recycled? If a chaperone molecule or
complex is needed for each molecule of
exported protein, this is an enormous
expense for the parasite and would lead
to an accumulation of Hsp101 in the para-
sitophorous vacuole outside the parasite
plasma membrane, for which evidence is
lacking. Regarding the second model,
there is no evidence that plasmepsin V is
in a subregion of the ER (it appears to be
diffusely distributed) or that a directed
transport route exists from parts of the
ER to parts of the parasite surface. For
the third model, the data contradict find-
ings in previous work, and the model has
not been independently replicated. Also,
PI3P binding to PEXELs does not corre-
late all that well with export, and compli-
cated alternative routes are proposed for
proteins that are exported even when
the PEXEL is mutated. Additionally, PI3P
binding to the PEXEL and cargo portage
to ER exit sites must occur before plas-
mepsin V cleaves off the PEXEL, so plas-
mepsin V would have to be in a subregion.
Asmentioned before, there is no evidence
for this.ovember 15, 2012 ª2012 Elsevier Inc. 609
